Direct imaging is a tried and tested method of detecting exoplanets in the near infrared, but has so far not been extended to longer wavelengths. New data at mid-IR wavelengths (8-20 µm) can provide additional constraints on planetary atmospheric models. We use the VISIR instrument on the VLT to detect or set stringent limits on the 8.7 µm flux of the four planets surrounding HR 8799, and to search for additional companions. We use a novel circularised PSF subtraction technique to reduce the stellar signal and obtain instrument limited background levels and obtain optimal flux limits. The BT SETTL isochrones are then used to determine the resulting mass limits. We find flux limits between 0.7 and 3.3 mJy for the J8.9 flux of the different planets at better than 5σ level and derive a new mass limit of 30 M Jup for any objects beyond 40 AU. While this work has not detected planets in the HR 8799 system at 8.7 µm, it has found that an instrument with the sensitivity of VISIR is sufficient to detect at least 4 known hot planets around close stars, including β Pictoris b (1700 K, 19 pc), with more than 5σ certainty in 10 hours of observing time in the mid-IR.
INTRODUCTION
HR 8799 is a young A star located at 41.3 ± 0.2 pc (Marois et al. 2008; Gaia Collaboration 2018) that is unique in that it has four directly imaged exoplanets surrounding it. The planets orbit between 17 and 68 AU and have masses between 7 and 10 M Jup (Marois et al. 2008 . The system also contains a warm dust belt within the innermost planet e and a Kuiper belt-like debris disk outside the planets orbits from 145 AU to 450 AU (Su et al. 2009; Booth et al. 2016) . Booth et al. (2016) suggested a possible fifth planet of 1.25 M Jup at 110 AU that could be responsible for the gap between the outer planet b and the debris disk, although the mass could be lower if the planet is further out or on an eccentric orbit. Due to this unique position the planets have been studied extensively in imaging and spectroscopy across the near infrared (IR) from the J to the M band since their Based on observations collected at the European Southern Observatory under ESO programme 0101.C-0580(A).
† E-mail: dominique.petit@eso.org discovery (e.g. Barman et al. 2011; Galicher et al. 2011; Zurlo et al. 2016 ; Petit dit de la Roche et al. 2018) .
So far no direct imaging of planets has been done beyond 4.8 µm. Longer wavelength searches with Spitzer and WISE have revealed a number of brown dwarf companions at large separations and Geißler et al. (2008) have done ground based mid-infrared imaging of brown dwarfs in binary systems with VISIR, but no planets have been imaged (Luhman et al. 2007 (Luhman et al. , 2012 . Mid-IR observations can provide further constraints of planetary atmospheric models and the mid-IR wavelength range also contains biosignatures, which could indicate the presence of biological processes (Meadows & Seager 2010; Rauer et al. 2011) . Spitzer has made observations of secondary transits, occultations of exoplanets by their host stars, at longer wavelengths (e.g. Deming et al. 2005; Charbonneau et al. 2005; Deming et al. 2007 ), resulting in light curves and broad band emission spectra of some transiting exoplanets. These are useful for comparison to imaging data, but the planets observed with Spitzer cover a different area of parameter space than directly imaged planets due to the limitations of both methods. Finally, ground-based detection of exoplanets in the mid-IR will help the analysis and interpretation of future JWST exoplanet observations. We aim to expand current observations to cover the mid-IR wavelength regime by imaging the HR 8799 system with the VLT Imager and Spectrometer for the mid-IR (VISIR, Lagage et al. 2004 ) at 8.7 µm. Additionally, we set constraints on potentially undiscovered companions further out from the star. While both flux limits and mass limits for additional companions have been calculated before in near IR bands (Metchev et al. 2009; Serabyn et al. 2010; Currie et al. 2011; Galicher et al. 2011; Esposito et al. 2013; Zurlo et al. 2016) , only Metchev et al. (2009) and Serabyn et al. (2010) have searched for companions beyond 2" and then only up to 3.5" and 4" respectively. VISIR will allow us to expand the search to a factor two larger separations, covering new sky areas.
The data and analysis are described in Section 2. The final images and derived limits are presented in Section 3 and we present our conclusions in Section 4.
OBSERVATIONS AND DATA ANALYSIS
The observations of HR 8799 were taken with VISIR on the VLT UT3 telescope in the small-field imaging mode with a plate scale of 45 mas px −1 . They were taken in the J8.9 filter (λ 0 = 8.72 µm, ∆λ = 0.73 µm) using the pupil tracking mode, in which field rotation is enabled to achieve a more stable image. The chopping and nodding sequence were enabled to subtract sky background with a chop throw of 8" and a chopping frequency of 4 Hz. The nodding direction was perpendicular to the chop direction. Due to the chop throw, the total usable field of view was slightly smaller than 16"x16".
The observations were carried out between August and October of 2018, with a total on-target integration time of 8.7 h as shown in Table 1 .
Data are provided in the form of time averaged chop difference frames with integration times of 50 s and units of counts per detector integration time (DIT, 0.0114 s). Since the automated VISIR data reduction 1 is not equipped to reduce pupil stabilised data, the reduction was performed with special-purpose Python scripts. Images were pairwise subtracted between different nod positions to reduce noncommon path errors. Beam combination and centering was achieved through fitting Gaussian functions to each of the sources in the nod difference images. The resulting images were stacked into cubes for each night.
Traditional angular differential imaging (ADI, Marois et al. 2006 ), requires enough time to have passed between the science and reference images for the planet to have moved by at least 1.2λ/D to avoid self-subtraction of the planetary point spread function (PSF). However, due to the small angular separations of the inner planets d and e this time is sufficiently large that there are (almost) no reference images available for most of the data. Instead, we apply a novel circularised PSF subtraction technique. A circularised PSF of the science data was created by rotating it 1 to 360 degrees in 1 degree steps and averaging over all rotated images. The resulting PSF is a circularly symmetric version of the science data that can then be subtracted from the original to reduce stellar contributions. Any visible secondary source will show up in this circularised PSF as a ring around the central star. The selfsubtraction caused by this ring is expected to be minimal (at most 5% for the innermost planet and less for the planets further out) due to averaging of the source brightness over the full 360 degrees of rotation. An example of the method for the α Cen system is shown in Fig. 1 . Circularised PSF subtraction has the advantage that, unlike traditional ADI, it is not limited to sources with sufficient field rotation and can therefore be used more widely and on shorter observations. For instruments such as VISIR it is also less sensitive to variations in atmospheric conditions than traditional PSF subtraction, since in this case simultaneous observation of the PSF is not possible.
Once the stellar component has been reduced the images are derotated such that north is up and then the derotated images are combined into a single master image using a weighted sigma-clipped median function with a threshold of 3σ. The weights were determined by the standard deviation and thus the quality of each image. The master image has a total integration time of 8.7 hours and therefore an expected 5σ background sensitivity of 0.7 mJy. The master image was calibrated by comparing it to an image of the stacked and derotated data where no PSF had been subtracted. HR 8799 is expected to have a flux density of 430 mJy in the J8.9 filterband. The conversion factor of the data in ADU / Jy was calculated following the procedures for reference stars in the VISIR pipeline manual and applied to the reduced master image. flux was determined by calculating the expected flux in a Gaussian function with a full-width-half-maximum of one resolution element of the telescope and a peak flux of 5σ of the background in the surrounding area. The limits found for HR 8799 b and c correspond to the expected background sensitivity of the instrument over the observed time. The higher limits on HR 8799 d and e are the result of imperfectly subtracted stellar residuals, as due to seeing the stellar PSFs in the science data were no longer entirely circularly symmetrical.
RESULTS AND DISCUSSION
The right panel in Fig. 2 shows that the 5σ flux limits decrease with distance from the star in all directions, further supporting that the increased limits are due to stellar residuals. No other structures are visible and the background sensitivity is achieved beyond˜40 AU.
To verify these limits we injected 24 fake sources into the data before the psf subtraction. Figure 3 shows the reduced data with the injected sources. 12 sources are injected at increasing radii and 12 are injected at the same radius of 200 AU. Each source has a flux equal to the 5 σ flux limit at that radius. The sources in the spiral are retrieved at 4.5 σ confidence, but the sources on the ring at only 3.5 σ. In both cases the difference with the injected magnitude is due to the contribution of the injected sources to the circularised PSF. For the spiral there is only one source at each radius and the effect is small, but for the ring there are 12 sources contributing to the PSF at 200 AU, resulting in a brighter ring being subtracted. This results in a dark ring at that radius and a reduced magnitude of the retrieved sources. Despite this effect all injected sources are retrieved and since planets are not expected to have identical orbital separations within one system, we conclude that our limits are valid. Fig. 4 shows the model fits to the near infrared spectral energy distributions of the four planets (Marois et al. 2008 . Our flux limits and the expected model predicted flux densities of each planet in the J8.9 band are marked as well. Table 2 . Detection limits for the four planets in the HR 8799 system. Separations and position angles are taken from Marois et al. (2008 Marois et al. ( , 2010 with position angles corrected for orbital motion based on the planets periods. This shows that the expected flux density lies below the derived limits in all cases.
To convert the obtained flux limits into mass limits, we condensed the flux limit map from Fig. 2 into a contrast curve, which is then converted into mass limits for any objects in the system. This is done using the BT SETTL evolutionary models of stars, brown dwarfs and exoplanets (Allard et al. 2012 ) and assuming an age for the system. Two ages have been considered in previous works: 30 Myr and 60 Myr, depending on whether the authors believe HR 8799 to be part of the Columba local association (eg. Galicher et al. 2011; Zurlo et al. 2016) or not (Metchev et al. 2009; Hinz et al. 2010) . Doyon et al. (2010) and Zuckerman et al. (2011) have determined that HR 8799 is likely to belong to the Columba association and as such has an age of 30 Myr, while Hinz et al. (2010) have not found this to be the case and used an age of 60 Myr based on the original considerations regarding the disk mass, stellar class, HR diagram location and galactic motion by Marois et al. (2008) . For this work we have examined the mass limits at both ages and found them to be nearly identical. The difference in the ages means a difference in available cooling time, resulting in ∼150 K difference between the two models at ∼30 M Jup . The resulting difference in 8.7 µm flux is less than 0.1 mJy with the result that the returned mass limits are very similar. Our results are shown in Fig. 5 and show a sharp increase in mass inward of 40 AU, where stellar wings dominate the background. Outside of this distance the line levels out at 30 M Jup , which corresponds to the sensitivity limits of the instrument. Our result is in agreement with earlier work by Marois et al. (2008 Marois et al. ( , 2010 and Wang et al. (2018) which places the masses of the four planets between 7 and 10 M Jup . The calculated limits are further in agreement with limits set in the near infrared within 2" by Zurlo et al. (2016) . The sharp increase at around 8" is due to the chop/nod shadows of the source in the data. The steps in the mass limits are caused by the stepsize in mass in the isochrone models, which is 10 M Jup between planet masses of 20 and 100 M Jup .
Mass limits for the same data reduced with ADI are also shown in Fig. 5 in green. Here an age of 30 Myr is assumed. The mass limits retrieved with this technique are around 100 M Jup , three times higher than for the circularised PSF subtraction. This difference in mass limits represents a difference in flux limits of 0.26 mJy. Limits inside 1.5" are not shown due to insufficient field rotation closer to the star. Figure 3 . Reduced master image of HR 8799 with injected sources at the 5 σ limit. 12 sources are injected at increasing radius and 12 at an outer radius of 200 AU. The sources in the spiral are retrieved at 4.5 σ and sources in the ring at 3.5 σ. The lower certainty retrievals are due to the sources contributing to the PSF that is subtracted from the background.
CONCLUSIONS
This work presents the first mid infrared direct imaging observations of the HR 8799 planetary system and places constraints on the fluxes and masses of objects between 40 and 330 AU. It thus provides the most stringent limits obtained to date at the furthest separations so far. The results exclude further companions with fluxes of more than 0.7 mJy or masses exceding 30 M Jup with a 5σ certainty, given an age of 60 Myr. Marois et al. (2008 Marois et al. ( , 2010 . The flux density values of the earlier measurements are marked in black and the values derived from the model are marked in green. The 5σ upper limits calculated in this work are marked in red. All four planets have expected J8.9 flux densities below the derived limits, resulting in a nondetection of the planets in the data.
The achieved flux limits were insufficient to detect the HR 8799 planets, but we demonstrated that VISIR can reach sufficient sensitivity to detect planets in other systems which are hotter and/or closer to Earth. Excluding the HR 8799 system, the exoplanet.eu database (Exoplanet Team 1995; Schneider et al. 2011 ) contains 22 directly imaged planets with a listed temperature and a known surface gravity within 50 pc. Of these, 4 planets are sufficiently bright to be imaged Figure 5 . Upper mass limits (5σ) for the mass of any objects in the HR 8799 system as a function of separation from the star. At small separations the flux from stellar residuals causes high mass limits, but at 1" (40 AU) these become negligible and the background dominates for the circularised PSF subtracted data. The mass limit levels out to 30 M Jup , as indicated by the black dotted line. The increase furthest out is due to the chop/nod shadows located at 8". The mass limits resulting from data reduced with traditional ADI beyond 1.5" are shown in green and are around 100 M Jup .
by instruments with similar sensitivities to VISIR at a 5σ detection level in less than 10 hours: these planets are β Pic b, CD-35 2722 b, HD 116434 b and G196-3 b. β Pic b has a temperature of 1800 K and is located at a distance of 19.8 pc. (Chilcote et al. 2017; Gaia Collaboration 2018) It is expected to have an 8.7 µm flux density of 3.0 mJy. While β Pic b is currently very close to its star, Dupuy et al. (2019) have calculated that by 2028 the angular separation should be around 0.68-0.75" for a predicted eccentricity of 0.24. The flux limit is then 2.4 mJy for 10 hours of observation and the planet becomes detectable. CD-35 2722 b and G196-3 b have similar temperatures and distances (Wahhaj et al. 2011; Rebolo et al. 1998) , while HD 116434 b is a cooler, closer in planet with a temperature of 1300 K at 11 pc. (Chauvin et al. 2017) Additionally, VISIR is being upgraded into the NEAR (New Earths in the Alpha Cen Region) instrument, which, thanks to the addition of adaptive optics, is reported to have a 10σ sensitivity of 0.9 mJy in 1 hour, an improvement of approximately a factor of four. For the foreseeable future NEAR will only be observing the α Cen system, but this kind of advancement in technology will allow the previously mentioned planets, as well as four additional planets, to be imaged in under an hour. Eleven more planets, including HR 8799 c and d, become accessible with up to 10 hours of observation time, demonstrating the potential of directly imaging exoplanets at mid-IR wavelengths with present-day facilities.
